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ABSTRACT
Flow visualization information and time dependent pressure coefficients were recorded for
the flow over a two-element wing. The investigation focused on the stall onset; particularly at
a condition where the flow is attached on the main element but separated on the flap. At this
condition, spanwise separation cells were visible in the flow over the flap, and time
dependent pressure data was measured along the centerline of the separation cell. The flow
visualizations indicated that the spanwise occurrence of the separation cells depends on the
flap (and not wing) aspect ratio.
INTRODUCTION
Surface flow visualization experiments at high angles of attack on rectangular wings showed
the existence of organized spanwise cellular patterns, which appear during early post stall
condition (Ref. 1 - 3). Those patterns seem to form immediately at the onset of stall and
tend to diminish as angle of attack increases. The number of cells depends on wing aspect
ratio, with a single cell aspect ratio of about 1.5 to 2.5 (Ref. 2, 4). Measurements of the
wing surface pressure fluctuations while the above cellular patterns were visible showed that
one of the dominant frequencies is much lower (Ref. 4) than the expected Strouhal frequency
(of St = toc/V®.= 0.15). Such information may affects airplane wing design since the
natural vibration modes should not coincide with the dominant aerodynamic frequencies.
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Those considerations are even more pronounced with extended flap systems where the
additional flexibility leads to larger vibration levels. Therefore, the main objective of this
study is to demonstrate the existence of cellular patterns on the stalled flap, during the initial
stages of stall, when the flow on the main wing dement is still attached. Also, the spanwise
spacing of the separation cells is addressed to determine whether it depends on the whole
wing's or on the flap's aspect ratio only. Time dependent surface pressure variations were
measured to provide experimental data for future numerical validations of turbulent separated
flows, and to determine if the measured reduced frequency can be scaled based on the whole
wing or on the flap-chord only.
EXPERIMENTAL SETUP
The photograph of the wing as mounted in the wind tunnel is shown in Fig. 1, and its side
view in Fig. 2. The main wing plane was kept at zero angle of attack and the flap angle
varied between 30, 35, and 40 deg. Surface tufts were used for flow visualization, and in
the photograph in Fig. 1, two separation-cells may be observed. The two element wing was
held by large Plexiglas end-plates to simulate (as closely as possible) 'two-dimensional' flow
conditions. The wing, flap, and end-plate assembly were mounted inside a 1.14 m wide,
0.81 m tall and 1.66 m long test section. Additional details on model geometry are presented
in Fig. 2. Airspeed was set at V_ = 53.6 m/sec, resulting in a Reynolds number of 1.28 x
106 based on the wing's combined chord (including the flap). The shape of the main airfoil
element is based on the NACA four-digit family, with maximum thickness t/c--0.18, max.
camber/c=0.12, and location of max. camber at x/c=0.425 (see Ref. 5. p.l14, on using
these values to define the airfoil shape). The flap shape is based on a symmetric NACA 0015
airfoil section. Time dependent pressure measurements were obtained by small (Endevco, 5
mm diameter, and 1 mm 2 active area) piezo-resistive transducers embedded along the flap's
chord. The absolute pressure range of the transducers is from 0 to about one atm with a
resolution of 0.17 x 10 -4 atm, and maximum frequency response of about 0.15 MHz. The
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flap sectioncontainingthe transducerswas free to move laterallyalong the flap span.
However,for thepresentdatait waskeptatthevisualcenterlineof theleft separationcell.
RESULTS ..... ; .(_-: _" !
As stated earlier, the f-oeas-_l? _ investigation was on the condition where the flow is
attached on the main wing element but separated on the flap. Therefore, subsequent to a
brief flow visualization experiment to determine the desirable test conditions, the main
element orientation was set at zero angle of attack and only the flap angle tSf varied. Flap stall
was observed at 6f = 40 °, but at 8f = 300 the flow on the flap was still attached. At this stalled
flap condition (6f = 400), two stable separation cells were visible on the flap, as shown in
Fig. 1. Note that all tufts had the same length; therefore near the centerline the flow is
attached and further out the flow is reversed (the fluttering of the tufts was easily visible
during the test but was not entirely captured by this still photograph). The aspect ratio of a
single separation cell, based on the flap dimensions, is about 2, which is close to the values
observed on single element wings (Ref. l, 2). Since the wind-tunnel model layout resembled
a two-dimensional experiment, one of the widely used two-dimensional airfoil-design codes
(MSES - Ref. 6) was used for comparison purposes. Results of these computations, in
terms of the streamlines near the airfoil and with the measured chordwise pressure
distribution, for the two flap deflections, is shown in Fig. 3 and Fig. 4. The circular
symbols stand for the time average pressure coefficient measured on the flap. Clearly, at the
lower flap deflection the flow is attached (as indicated by the stationary tufts during the flow
visualization) and the computed and measured pressures on the flap are satisfactorily close.
The computations also show a laminar bubble near the midchord of the main element; and for
such attached flow conditions the computed results should be close to the actual flow
conditions.
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Data similar to Fig. 3, but for a larger flap deflection of 6f = 400 is shown in Fig. 4, and the
computed streamlines show an early flow separation on the flap. As mentioned earlier, the
flow visualization experiments showed two cellular separation cells on the upper surface
(Fig. 1) and the calculated two-dimensional separation point may be wieved as an avarage
representation of the three-dimensional phenomenon. The experimental pressure coefficient
data in this figure was measured along the center of the left separation cell and does not
compare well with the computed results. The shape of the measured pressure distribution on
the flap is quite flat (typical stall) whereas the computations still show a large leading edge
suction. Similar pressure measurements in-between the separation cells, but with a single
element wing (Ref. 4), showed typical attached flow pressure distributions with large
leading edge suction. However the magnitude of the measured data was much smaller than
estimated by two-dimensional computations, suggesting an effectively lower angle of attack
condition there due to the downwash created by the adjacent stall cells. Thus, although the
test attempts to enforce two-dimensional condition, the separated flow is naturally time
dependent and three dimensional (with significant spanwise variations) and any attempt to
compare with two-dimensional computations may lead to similar discrepancies.
The time dependent pressure fluctuations, as measured by the five chordwise transducers on
the flap are shown for a flap deflection of ,5f = 300 in Fig. 5 (transducer #1 is closest to the
leading edge and #5 is near the trailing edge). The data presented includes the time dependent
component only (with an average value of Cp=0) which is obtained by subtracting the time
average value. Similar measurements on the stalled flap at 6f = 400 show a large increase in
the amplitude of the pressure fluctuations (Fig. 6). The general characteristics of the
separated-flow pressure fluctuations has a more complicated structure than the more periodic
signal measured with the attached flow (Fig. 5). This observation is true for all five
chordwise transducers and the amplitudes seem to grow towards the flap trailing edge. This
growth of the disturbance towards the trailing edge is present in Fig. 5 as well, but at a much
smallermagnitude.Of course,havinga timedependentdescriptionof theactualsmall-scale
vorticeswithin the separatedflow, their structuresand transportproperties,might have
determinedthe sourceof theabovefluctuations.However, in theabsenceof suchdetailed
information,theuseof somestatisticaltoolsmayproveuseful.Therefore,thepowerspectra
density(PSD)estimatesfor thetimehistoryof thepressurecoefficientsin Fig. 5 andFig. 6
areshownin Fig. 7. The mostdominantfrequencyis about117Hz andtheamplitudesin
generalincreasetowardsthe trailing edge(as discussedearlier).A closerlook at the test
facility revealsthatthewind tunnelfan hasfour bladesandit rotatesat 1750RPM; which
maycreatea prevalentexcitationof about117Hz. Indeed,Fig. 7 showsthatthepower is
centerednear this 'driving' frequencyand is considerablyamplified in the caseof the
separatedflow. The largest fluctuation in the pressure history in Fig. 6 are clearly
responsible for the peak power in Fig. 7 and are due to the unsteady separated flow since
the baseline (in Fig. 5) contains nothing similar. Crosscorelation between the signals of the
individual transducers suggests streamwise convection of the strong periodic component
shown in Fig 6, at about half the free-stream velocity. Estimating the Strouhal number,
based on the frontal height of the separated area of the flap yield St - 0.13, which is quite
close to results obtained with single element wings. Also, in these tests a 50 Hz high-pass
filtering was applied to minimize tunnel vibration effects that occur near 30 Hz. In spite of
this filtering, sizable power under the 50 Hz range is visible for the 6f = 40 o case (especially
for transducer 1) which effect is not present at the attached flow on flap case. This indicates
that the lower frequency fluctuations within the separated flow as reported in Ref. 4 and Ref.
7 are present here as well (but was mostly filtered out by the 50 Hz high-pass filter). Finally,
when comparing the power generated in the separated flow case with the one in the attached
flow case in the PSD diagram of Fig. 7, the effect of flow separation becomes evident. It
seems that the Strouhal type periodic vortex flow that develops in the separated flow, at the
6f = 40 o case, causes the sharp increase in the pressure fluctuations. Also, the expected
natural frequency of the vortex flow is quite close to the fan-blade passage frequency, and
similarlyto the mechanicalvibrationcase,the flow frequency'adopts' and magnifiesthe
prevailing(forcing)frequencywithin thefree-stream.
CONCLUDINGREMARKS
Thepresenceof thespanwiseseparationcellson thestalledflap of a two elementwing with
attachedflow on themaindementwasdemonstrated.The aspectratio (= stall cell span/flap
chord)is on theorderof 2, which is closeto thevaluesreportedfor singleelementairfoils.
Also, when scalingthe dominantpressurefluctuationfrequenciesobservedon the flap,
basedon theflapchord, theresultingStrouhalnumberis closeto valuesmeasuredon single
element,stalledwings. Whenobservingthe power of the pressurefluctuations in the
frequencydomain;thefrequencyof thelargestpressurefluctuations,causedby theseparated
flow, driftedcloseto thewind tunneldriving frequency(much like in the caseof simple
mechanicalvibrations).This experimentalsodemonstratesthedifficulties in obtainingtime
dependentinformationon the actualthreedimensionalstructureswithin the flow abovea
wing whenusingsurfaceinformationonly. Thus, realflows areneithertwo-dimensionalor
quasisteadybutratherthree-dimensionalndtimedependent.
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Figure captions
Fig. 1 The two element wing, as mounted in the wind-tunnel test section. Flap angle is 6f =
400 and the tufts show two separation cells on the flap.
Fig. 2 Geometry of the two-element wing as mounted in the test section (dimensions in m).
Fig. 3 Computed two-dimensional pressure distribution (using the method of Ref. 6) for the
two element wing at 8f = 30 °. The circular symbols show the five measured steady state flap-
pressures along the separation cell centerline.
Fig. 4 Computed two-dimensional pressure distribution (using the method of Ref. 6) for the
two element wing at 6t = 40 °. The circular symbols show the five measured steady state flap-
pressures along the separation cell centerline.
Fig. 5 Time history of pressure coefficients as measured by the 5 transducers along the flap
chord, for 6f = 300 (attached flow). Note; (X/C)flap is normalized by flap chord, which is about
65% of the main element chord.
Fig. 6 Time history of pressure coefficients as measured by the 5 transducers along the flap
chord, for 6f = 400 (separated flow).
Fig. 7 Power spectral density estimates for the pressure coefficient time histories at flap
settings of 6f = 300 (broken lines) and 6 e= 400 (solid lines). Note; transducer No. 1 closer to
the leading edge and No. 5 is near the trailing edge.
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